INTRODUCTION
Owing to the advantage of very large strength-to-weight and stiffitess-to-weight ratios, composite materials are attractive for a wide range of applications. Increasingly, more and more high perfonnance engineering structures are being built with critical structural components made from composite materials. Especially, carbon/carbon (C/C) composites are one of the few materials that are suitable for structural applications at high temperature environments. One such application is an aircraft brake disk. As compared to stccl brakes, carbon/carbon brakes are lighter by about 40% and last twice as long in tenns of the number of landings per overhaul [I] . Aircraft brake manufactures are therefore making brake disks and rotors out of carbon/carbon composites [2, 3] . Aircraft brakes are critical components that serve multiple functions: they are the friction member, the heat sink elements, and the structural elements. To ensure product quality and structural integrity, nondestructive evaluation (NDE) methods [4, 5] are needed for inspecting carbon/carbon brake disks and rotors. Ultrasonic testing is capable of revealing material inhomogeneity and internal defects. More importantly, the velocity of ultrasonic waves is related to the elastic stiffitess of the material in a direct relationship.
In this work, several ultrasonic ND E techniques were applied in the evaluation of a developmental C/C brake disk. Through-transmission C-scans in an immersion setup based on both the amplitude and time-of-flight of the transmitted ultrasonic pulse were used for qualitative assessment of the material homogeneity in the plane of the disk. Ultrasonic velocity of longitudinal waves propagating in the thickness direction was measured at selected locations using elastomer-faced dry-coupling transducers. To correlate ultrasonic velocity with density variation and microstructures, a series of specimens were cut out along a radial direction for density measurement and microscopy. Ultrasonic pulse echo C-scans were used for detecting material anomalies near the surface of the disk. Finally, ultrasonic velocity and C-scan in the in-plane directions were measured to obtain the influence of fabric, chopped fiber and void for the six cut-out pieces ofa C/C disk.
EXPERIMENTAL METHOD
The C/C brake disk used in this study [6] was a ring-shaped disk 17mm thick, 135mm inner diameter, and 322 mm outer diameter. The disk consisted of a stack of cloth plies and chopped fiber layers and was densified by pitch impregnation and also by chemical vapor infiltration (CVI) at the end of fabrication process. All of the immersion scan and most of the dry-coupled velocity measurements were made with the disk intact. Afterwards, six small blocks were cut out along a radius. The dimensions of each block were 12.7xI2.7xI7mm as shown in Fig. I . The densities of the blocks were determined from their individual weight and volume and the internal microstructures were examined using an optical microscope.
The through-transmission ultrasonic C-scans were conducted in an immersion tank using a SONIX scanning system. A pair of 5MHz, 6.35mm diameter, unfocused transducers were aligned perpendicular to the disk and driven by a Panametrics 5052 pulser/receiver. The amplitude and timeof-flight of the (first arrival) transmitted pulse were used in generating the amplitude and time-offlight images. The through-transmission measurement sampled the integrated material property in the thickness direction. In the transmission C-scan images, a larger amplitude is usually associated with better consolidated material with a lower attenuation, scattering, or absorption. The recorded time-offlight in a transmission C-scan represents the sum of that in water and in the sample. Since the water path remains constant, a larger time-of-flight is associated with a lower velocity of sound in the sample. To probe the material properties near the surface, a high frequency transducer (25 MHz, 6.35 mm diameter, unfocused) was used in the pulse-echo mode. Amplitude C-scans were made using the front surface echo.
To obtain a quantitative, accurate value of the ultrasonic velocity, a pulse-overlap method with dry-coupling transducers was used [7] . These transducers contain an elastomer face layer and can be coupled by applying a pressure. The measurement setup is shown in Fig. 2 . To obtain the ultrasonic transit time through the sample, the difference in transmit time between two ultrasonic pulses was measured. The first pulse was transmitted through the reference piece but without the sample in plane and the record pulse was transmitted through the reference piece plus the sample. The thin rubber sheet was present in both eases to provide dry-coupling between the reference piece and the sample and to ensure that its own transit time was canceled out. These two pulses were stored in the memory of a LeCroy 9400 digital oscilloscope and their difference was obtained by shifting one pulse to overlap and match with the other pulse. The velocity was simply the sample thickness divided by the transit time through the sample. In this experiment, the transducers used were IMHz, 12.7mm diameter (KD50-1, Ultran Lab.). 
RESULTS AND DISCUSSION

C-Scan Images
The amplitude and time-of-flight C-scan images of the through-transmission scan are shown in Fig.3 . The amplitude image showed that the transmitted signal was generally greater near the inner diameter (id) and outer diameter (od) and smaller between the id and od. The time-of-flight image showed that the transit time was smaller near the id and od of the disk and larger between the id and od. It should be pointed out that since the width of the disk (94mrn) was approximately 15 times that of the transducer diameter (6.35mrn), these amplitude and transit time variations in the radial irection were not just due to edge. effects, but were attributable to material property nonuniformity The behavior of the ultrasonic transmission through the disk was consistent with changes in ultrasonic attenuation and velocity caused by density variation. Near the id and od of the disk, the density was greater and the void content was lower; hence the attenuation was lower and the velocity was higher[8J. Between the id and od, the density was lower (higher void content); as a result, the attenuation was higher and the velocity was lower. There results were also consistent with the expectation of the pitch impregnation process. Because the pitch impregnation was most effective along paths between the plies, the regions near the id and od should be densified to a greater degree than the region between the id and od. The images in Fig. 3 also showed a certain degree of circumferential nonuniformity. If one drews a dividing line along the 5 o'clock to II o'clock direction, then the left half of the disk seemed to be more densified than right half of the disk.
Dry-Coupled Velocity Measurements
Using the method illustrated in Fig. 2 , the longitudinal wave velocity in the thickness direction was measured at 24 locations shown in Fig. 4 . Locations adjacent to id and od are shown with filled diamonds and interior locations are shown with empty diamonds (Same convention used in Fig.5 ). Fig. 6 Relationship between density and velocity for the six cut-out pieces.
The measured velocities varied between 1.63mmJ~ and 1.82 mmJ~. A plot of the velocity versus position. as shown in Fig. 5 , revealed a highly regular pattern: the velocities at every point between the id and od were lower than those at the adjacent id and od. The measurements were repeated three times and the data are shown in Fig. 5 as Run 1, Run 2 and Run 3. The velocity data measured with dry-coupling transducers provided strong evidence of a consistent material property nonuniformity in the radial direction.
Comparison With Destructive Analysis
To verify that the above interpretation that the nonunifonnities of the disk revealed by ultrasonic attenuation and velocity were caused by nonuniform impregnation and the resulting density variation, six small sample were cut out along the radius at the 3 o'clock direction. There samples, labeled No. I through No.6 as shown in Fig. I, were individually weighed and their densities determined. The results are shown in Table I . The density was clearly higher near the id and od, and lower in the middle region. The longitudinal wave velocity in the thickness direction was measured for each of the six cut-out pieces and the results were correlated with the densities. Fig. 6 shows a clear correlation Transducer : 2SMHz, 6.3Smm dia. and no focus Max Fig. 7 Ultrasonic scan image shows four anomalous regions on the disk. between ultrasonic velocity and density. For regions of a high degree of densification, the porosity content was low, the density was high, and the ultrasonic velocity was high. These regions had a greater stiffness. Conversely, regions of poorer densification had lower density, lower velocity and lower stiffness.
Detection of Near-Surface Defects
Through-transmission ultrasonic scans sampled the integrated material property over the entire thickness; they were not particularly sensitive to subtle anomalies near the surface. To detect minor material property variation near the surface, one could make use of the small amplitude variation of the front surface retlection [9] . To examine the surface of the CIC brake disk, a 25 MHz, 6.35mm diameter, unfocused immersion transducer was used to generate a C-scan image of the front surface echo amplitude. The resulting image, as shown in Fig. 7 , reveled four circular rings equally spaced on the disk. Displayed are peak-peak amplitude of the front surface echo. These features were caused by the placement of "spacers" between adjacent CIC disks when a stack of disks was run through the final chemical vapor infiltration process. The spacers unavoidably impeded the infiltration and left a slightly less densified footprint underneath them. It was in fact confirmed that, for the disk in Fig. 7 , the spacers used were tubular instead of solid cylinders, which explained the ring-shaped features observed M ..
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(b) Beam along circumferential direction of disk. Fig. 8 Displayed are peak-to-peak amplitude and time-of-tlight of through-transmission signal for the six cut-out pieces. Transmitter and receiver are 5MHz, 0.25" diameter and no focus transducer. Scan areas were IOOx28 mm.
In-Plane Analysis of Six Cut-Out Pieces Fig. 9 Micrograph of one of six cut-out pieces showing chopped fibers and matrix. Fig.8 shows the amplitude and time-of-flight images of six cut-out pieces, which show considerable variation in the thickness (vertical) direction. Fig. 8 (a) and (b) indicate radial and circumferential direction images respectively and numbering order of Fig.8 indicates the six cut-out piece order as shown in Fig.l , selected 3 o'clock direction of the disk in Fig.3 . It has been found that the transmitted amplitude of UT results is higher and time-of-flight is longer on both radial and circumferential directions. The reverse phenomena appear if compared to Fig.3 . Fig. 9 shows optical micrograph of one of six cut-out pieces, which consisted of mainly chopped fibers and matrix at a lower half region of No.1 cut-out piece. Fig. I 0 represents schematic stacking sequences of a C/C brake disk, with which is not symmetrically composed. The stacking sequences were reconstructed based on optical micrograph (Olympus, BH2). Upper half had more cloth than chopped fibers; whereas lower half had more chopped fiber layups than cloth layups. circumferential direction images respectively. Velocity ofradia! and circumferential direction appears approximately 3 times greater than that of thickness direction. Lower half had more chopped fiber and corresponded to lower velocity and lower attenuation. Upper half had more fabric and corresponded to higher velocity and higher attenuation. Therefore, the in-plane velocities in the radial and circumferential direction are essentially independent of density unlike the velocity in the thickness direction. However, the upper half and lower half had clearly different velocities due to their different contents of chopped fiber and fabric.
CONCLUSIONS
In this work, several ultrasonic techniques were able to yield useful information about material property nonuniformity of a carbon/carbon brake disk using both immersion scanning and dry-coupled contact method. Through-transmission C-scan images provided visual, qualitative pictures for radial and circumferential non uniformity . Pulsc-overlap velocity measuremcnts using dry-coupled transducers gave quantitative data for correlation with C-scan images and with material density variation. A consistent pattern of variation along the radial direction existed for ultrasonic attenuation and velocity. This variation was attributed to the density variation as confirmed by destructive analysis. The higher density occurred near the inner and outer diameters of the disk, where the ultrasonic attenuation was lower and the velocity was higher which was caused by the more efficient densification by pitch impregnation near the id and ad and by the less efficient densifieation away from the exposed edges of the disk. Ultrasonic scans of the surface were also able to reveal subtle, near-surface material property anomalies attributable to the manufacture process. Also, ultrasonic velocities in the in-plane directions (radial and circumferential) seemed to bc affected more by the relative contents of fabric and chopped fiber, and less by the void content.
